Calixarene derivatives, whose lower rim has been modified with cation-complexing functional groups, such as esters and amides, make good ionophores for use in ion-selective electrodes. [1] [2] [3] In particular, the tetrameric calix [4] arenes with ester groups are suitable for constructing Na + electrodes, 1-4 while the corresponding hexameric calix[6]arene derivatives with larger cavity size are quite effective for making Cs + electrodes. [1] [2] [3] 5 Thus, the ability of the calixarene derivatives to recognize alkali metal cations is a size-related phenomenon, and a dioxacalixarene derivative (1) (see the structure in Fig. 1 ) possessing a cavity intermediate in dimension between the tetramers and hexamers was found to be useful for making a K + electrode. 6 This ionophore 1, named potassium ionophore IV, soon became commercially available from Fluka. 7 Because the pentameric calix[5]arene derivatives were not effective for making electrodes responsive to specific alkali metal cations including K + , 8 the size of 1 seemed to be suitable for constructing a K + electrode. However, it is not clear whether two bridged ether oxygen atoms of 1 were important for the recognition of K + . Thus, we were particularly interested in examining compound 2, the tetrabutyl ester derived from 9, 16,25,32-tetrahydroxy[3.1.3.1]metacyclophane, in which two bridged oxygen atoms of 1 were changed to carbon atoms. This ionophore was found to be quite effective for making a K + -selective electrode, giving much better selectivity than 1. A similar compound 4 having an amide group instead of the ester group in 2, also afforded high K + selectivity. Compounds 5 and 6 having different cavity sizes were much less effective for the recognition of specific ions.
Introduction
Calixarene derivatives, whose lower rim has been modified with cation-complexing functional groups, such as esters and amides, make good ionophores for use in ion-selective electrodes. [1] [2] [3] In particular, the tetrameric calix [4] arenes with ester groups are suitable for constructing Na + electrodes, [1] [2] [3] [4] while the corresponding hexameric calix [6] arene derivatives with larger cavity size are quite effective for making Cs + electrodes. [1] [2] [3] 5 Thus, the ability of the calixarene derivatives to recognize alkali metal cations is a size-related phenomenon, and a dioxacalixarene derivative (1) (see the structure in Fig. 1 ) possessing a cavity intermediate in dimension between the tetramers and hexamers was found to be useful for making a K + electrode. 6 This ionophore 1, named potassium ionophore IV, soon became commercially available from Fluka. 7 Because the pentameric calix [5] arene derivatives were not effective for making electrodes responsive to specific alkali metal cations including K + , 8 the size of 1 seemed to be suitable for constructing a K + electrode. However, it is not clear whether two bridged ether oxygen atoms of 1 were important for the recognition of K + . Thus, we were particularly interested in examining compound 2, the tetrabutyl ester derived from 9,16,25,32-tetrahydroxy[3.1.3.1]metacyclophane, in which two bridged oxygen atoms of 1 were changed to carbon atoms. This ionophore was found to be quite effective for making a K + -selective electrode, giving much better selectivity than 1. A similar compound 4 having an amide group instead of the ester group in 2, also afforded high K + selectivity. Compounds 5 and 6 having different cavity sizes were much less effective for the recognition of specific ions.
Experimental

Reagents
Ionophores 2 -6 were synthesized as reported previously.
9-11
Ionophores 2 -4 had a 1,4-alternate conformation, 9,10 while 5 had a C2 symmetrical conformation and 6 also most probably had a C2 symmetrical structure. 11 Other chemicals were obtained from commercial sources: potassium ionophore IV (1) and bis (2-ethylhexyl) The tetrabutyl ester derived from 9,16,25,32-tetrahydroxy[3.1.3.1]metacyclophane was an excellent ionophore for constructing a K + -selective membrane electrode. This ionophore exhibited a much higher selectivity toward K + than the structurally similar potassium ionophore IV commercially available from Fluka. In particular, the interference from organic ammonium ions decreased remarkably. Potassium ionophore IV possessed oxygen atoms in the ring structure, while the present ionophore changed the oxygen atoms to carbon atoms. Thus, the removal of oxygen atoms in ring constituents of the metacyclophane acted to reduce the interaction with the NH3 + group of organic ammonium ions. The size of the cavity of the present ionophore was between those of calix [4] arene and calix [6] arene derivatives, which act as Na + and Cs + ionophores, respectively, demonstrating that the ability to recognize alkali metal cations was strongly cavity size-dependent. The present K + -selective electrode had less interference from Rb + and Cs + than an electrode constructed using valinomycin, but suffered greater interference from Na + . USA); potassium tetrakis(p-chlorophenyl)borate (KTpClPB) was from Dojindo Laboratories (Kumamoto, Japan); and poly(vinyl chloride) (PVC) (degree of polymerization, 1020) was from Nacalai Tesque (Kyoto, Japan). All other chemicals were of analytical reagent grade.
Electrode system K + -selective electrodes were constructed using PVC-based membranes, as reported previously. 8, [12] [13] [14] The PVC membranes had the following composition: 1 mg of ionophore, 20 mol% of KTpClPB relative to the ionophore, 60 µl (55 mg) of bis(2-ethylhexyl) sebacate and 30 mg of PVC. The materials were dissolved in tetrahydrofuran (about 1 ml) and poured into a flat Petri dish (28 mm in diameter). The solvent was then evaporated off at room temperature. The resulting membrane was excised and attached to a PVC tube (4 mm o.d., 3 mm i.d.) with tetrahydrofuran adhesive. The PVC tube was filled with an internal solution of 10 mM KCl, and the sensor membrane was conditioned overnight.
The electrochemical cell arrangement was an Ag,AgCl/internal solution/sensor membrane/sample solution/1 M NH4NO3 (salt bridge)/10 mM KCl/Ag,AgCl. The internal solution was the same as that used to condition the membrane. Potential measurements were made with a voltmeter produced by a field-effect transistor operational amplifier (LF356; National Semiconductor, Sunnyvale, CA, USA; input resistance > 10 12 Ω) connected to a recorder (LR4220E; Yokogawa, Tokyo, Japan). To examine the pH-dependence of the electrode, a miniature pH glass electrode (1826A-06T; Horiba, Kyoto, Japan), together with test and reference electrodes, was immersed in each sample solution to simultaneously measure the solution pH. The volume of the sample solution was 1 ml, because our electrode system was compact, as described previously. 13, 15 Evaluation of the electrode performance
The detection limit was defined as the intersection of the 176 ANALYTICAL SCIENCES FEBRUARY 2005, VOL. 21 Fig. 2 Comparison of the selectivity coefficients of electrodes. Each number (1 -6) corresponds to the ionophores shown in Fig. 1 . PA, phenethylammonium.
extrapolated linear regions of the calibration graph. 8, [12] [13] [14] 16 The selectivity coefficients of the electrode (k Pot i,j ) were determined by a separate solution method 8, [12] [13] [14] 16, 17 using the respective chloride salts. The concentrations were adjusted to 10 mM. The values were calculated using log k
where Ei and Ej represent the e.m.f. readings measured for K + and the interfering ion, respectively, S is the theoretical slope of the electrode for K + (59.2 mV at 25˚C), ci and cj are the concentrations of K + and the interfering ion, respectively, and zj is the charge of the interfering ion. In some instances, a matched potential method 8, [12] [13] [14] 18, 19 was also applied to evaluate the selectivity coefficients. In this case, we used a fixed concentration (1.0 × 10 -4 M) of KCl as the background. The selectivity coefficients were calculated from the concentration of the interfering ion that induced the same amount of potential change as that induced by increasing the concentration of KCl to 2.0 × 10 -4 M. This measurement was performed in the presence of 0.1 M MgCl2 to keep the ionic strength of the solution constant; MgCl2 was chosen, because the interference by Mg 2+ was very slight. All measurements were performed at room temperature (about 25˚C). Figure 2 shows the potentiometric ion-selectivity coefficients of the electrodes using the ionophores shown in Fig. 1 . The selectivity coefficients against various inorganic cations and organic ions were compared. These were determined by a separate solution method. 8, [12] [13] [14] 16, 17 An electrode made from potassium ionophore IV (1) responded more strongly to primary organic ammonium ions, such as phenethylammonium and C6H13NH3 + , than K + .
Results and Discussion
However, analogous macrocyclic metacyclophane (2) remarkably suppressed the response to various organic ammonium ions, including phenethylammonium and C6H13NH3 + ; the response to K + was most enhanced, indicating that the existence of bridged oxygen atoms of 1 was susceptible to the NH3 + group of organic ammonium ions. Such oxygen atoms seemed to have similar functions as crown ether type-oxygen atoms, which are known to interact with the NH3 + group. 3, 20, 21 When the tert-butyl group of 2 was replaced with an ethyl group, as in 3, the interference by organic ammonium ions increased significantly. It is well recognized that negatively polarized oxygen atoms of carbonyl groups in the lower rim of the calixarene derivatives can interact with alkali metal cations, as well as the NH3 + group of organic ammonium ions.
14 Thus, the presence of a substituent like the tert-butyl group that is bulkier than the ethyl group around the carbonyl groups would function to decrease the interaction with the NH3 + group, due to steric hindrance, which in turn would cause an increase in the interaction with alkali metal cations. Consistent with this consideration, compound 4, whose lower rim was substituted with a bulky OCH2CON(C2H5)2 group, also escaped interference from organic ammonium ions, as in the case of 2. Analogous compounds, 5 and 6, having different cavity sizes remarkably reduced the recognition of K + , indicating that there was a suitable size to interact with K + . The size of the cavity of compound 2 showing the high selectivity against K + was between those of calix [4] arene and calix [6] arene derivatives, known as Na + and Cs + ionophores, respectively.
To cross check the values of the selectivity coefficients, we measured the selectivity coefficients against alkali metal ions for ionophore 2 using a matched potential method (log k Pot K + ,X : Na + , -2.9; Rb + , -0.1; Cs + , -1.1; NH4 + , -1.1). These values were similar to those obtained by a separate solution method.
Calibration graphs were then obtained for the electrodes by measuring known amounts of KCl added to 0.1 M MgCl2, and plotting the concentrations against the corresponding potential readings. A high concentration of MgCl2 was added to adjust the ionic strength of the solution; 8, [12] [13] [14] 46.9 300 6 7.5 1000 Fig. 3 Effects of the pH on the response to K + of the electrode based on ionophore 2. 1 × 10 -8 to 1 × 10 -2 M KCl. As indicated in Table 1 , ionophores 1 -4 gave near-Nernstian responses to K + . Ionophores 2 -4 showed a similar sensitivity and better performance than the potassium ionophore IV (1). The response times (90% of the final signal) of the electrodes using 2 -4 were all below 10 s when the concentration of KCl was changed from 10 to 100 µM.
We examined the pH-dependence to determine the effective pH range for the electrode using ionophore 2. The pH of the solution was adjusted by adding an appropriate amount of dilute hydrochloric acid or sodium hydroxide solution. The ionic strength of the solution was adjusted by adding 0.1 M CaCl2 instead of 0.1 M MgCl2, because Mg(OH)2 is deposited at pH values above 9. 8, [12] [13] [14] As shown in Fig. 3 , the electrode response was independent of the pH over the pH range of 2 -12. The marked decrease in the potential below pH 2 may be due to the protonation of 2 in the membrane phase, resulting in a loss of the ability to complex with K + . Similar observations, a loss of the ability to form a complex with guest ions in the acidic region, have been reported for electrodes constructed of various crown ethers and calixarenes. 8, [12] [13] [14] 21 The slight increase in potential above pH 12 was attributable to an increase in the amount of sodium hydroxide, because the electrode suffered a small degree of interference from Na + (log k Pot K + ,Na + = -2.6 as shown in Fig. 2) .
Then, we were particularly interested in comparing the ability of the present K + electrode using ionophore 2 to distinguish alkali metal cations with that of an electrode made from valinomycin, the most widely used K + ionophore. 3 We constructed calibration graphs of both electrodes using various alkali cations. As shown in Fig. 4 , an ionophore 2-based electrode showed higher selectivity toward K + with respect to Rb + and Cs + than the valinomycin-based electrode, while valinomycin better recognized Na + than ionophore 2. The slope and detection limit of the electrode using ionophore 2 for K + were 59.1 mV/decade and 9 × 10 -6 M, respectively, as indicated in Table 1 , while those using valinomycin for K + were 58.7 mV/decade and 6 × 10 -6 M, respectively. To date, various ionophores have been developed to construct K + electrodes. 3, 22 Among them, ionophores with a bis(benzo-15-crown-5) skeleton, 3, [22] [23] [24] named potassium ionophores II and III, were also commercially available from Fluka. 7 The reported selectivity coefficients of the K + electrodes using these ionophores toward alkali metal cations, especially Na + , were better than those of the present electrodes based on macrocyclic metacyclophanes analogous to calixarenes.
In conclusion, we have revealed that the tetrabutyl ester derived from 9,16,25,32-tetrahydroxy[3.1.3.1]metacyclophane (2) was a new ionophore for constructing a K + -selective membrane electrode, and gave much better selectivity than potassium ionophore IV.
